ABSTRACT Ninety-six crossbred steers were used in a 172-d feedlot growth performance trial to determine the effects of type processing on the comparative feeding value of barley in a 90% concentrate finishing diet. Treatments were 1 ) steam-flaked corn (SFC; density = .31 kg/L); 2 ) dry-rolled barley (DRB; density = .39 kg/L); 3) steam-rolled barley, coarse roll (SRB-C, density = .39 kg/L); and 4 ) SRB, thin roll (SRB-T, density = .19 kg/L). The ADG was similar ( P > . l o ) across barley treatments, averaging 1.29 kg/d. Feed intake ( P < .05) was lower for SRB than for DRB. Diet NE was greater ( P < .05) for SRB than for DRB. Feed intake was lower ( P < .05) for SFC than for barley diets. The influence of grain processing on characteristics of digestion was evaluated using four Holstein steers (average BW = 230 kg) with cannulas in the rumen and proximal duodenum. Ruminal and total tract digestibility of OM and starch were lower ( P < .05) for DRB than for SRB. Ruminal and total tract digestibility of OM and starch were similar ( P > . l o ) for SRB-C and SRB-T.
Introduction
The NRC (1984) assigns barley NE values of 2.12 and 1. 45 Mcal/kg for maintenance and gain, respectively (DM basis). These estimates are based on the assumption that the TDN of barley is 86% (NE, = .0305TDN -.5058). No corresponding values for steam-rolled barley (SRB) are given, leading to the presumption that no distinction in feeding value due to nature of processing is warranted. Barley contains from 52 to 72% starch (NRC, 1958) and the digestibility of this starch is thought to be high (very nearly 100%) with dry processing, alone. Unfortunately, very few trials have been conducted using cattle that directly test this assumption. Osman et al. (1970) demonstrated that susceptibility of barley starch to hydrolysis by porcine pancreatin was markedly in-creased with decreasing flake density of SRB. Furthermore, total tract digestibility of SRB averaged 99% (Spicer et al., 1986; Zinn, 1987 Zinn, , 1988 , whereas total tract starch digestibility for dry-rolled barley (DRB) averaged 91% (Saba et al., 1964) . Although these are not direct comparisons, the evidence that steam processing will enhance the value of barley for cattle is compelling. Furthermore, McIlroy et al. ( 196 7 ) observed that DM digestibility of barley-based diets in feedlot steers was increased from 80.5% for DRB to 84.4% for SRB. The objective of the present study was to evaluate the influence of steam processing of barley on its comparative feeding value with respect to feedlot cattle growth performance and digestive function.
Experimental Procedures
Trial 1. Ninety-six medium-framed, crossbred steers (approximately 25% Brahman blood with the remainder represented by Hereford, Angus, Short-horn, and Charolais breeds in various proportions) with an average initial weight of 260 kg were used in a 172-d comparative feeding trial. Steers were adapted t o an 88% concentrate finishing diet before initiation of the trial. Steers were blocked by weight and randomly allotted to 16 pens (28 m2) equipped with automatic waterers and fence-line feed bunks. Treatments (Table 1) were 1) steam-flaked corn ( SFC, density = .31 kg/L or 24 lbibushel); 2) dry-rolled barley (DRB, density = .39 kgiL or 30 lbibushel); 3 ) steam-rolled barley, coarse flake ( SRB-C, density = .39 kgiL or 30 lbibushel), and 4 ) steam-rolled barley, thin flake ( SRB-T, density = .19 k g h or 15 lbi bushel). The variety of barley used in this test was common UC-476. Steam-processed grains were prepared as follows. A chest situated directly above the rollers (46 cm x 61 cm corrugated) was filled to capacity with grain (441 kg of corn or 397 kg of barley) and then brought to a constant temperature of 102°C at atmospheric pressure using steam. The grain was steamed for 20 min before starting the rollers. Approximately 454 kg of the initial steam-processed grain that exited the rollers during warm-up (of the rollers) was set aside and not fed to steers on this (Zinn, 1988) . study. Tension of the rollers was adjusted to provide the indicated flake density (.31 kg/L, SFC; .39 kg/L, SRB-C; .19 kg/L, SFB-TI. Retention time of grain in the steam chamber was approximately 30 min for corn and 18 min for barley. The steam-processed grains were allowed to air-dry before use in diet preparation. The DRB was prepared by rolling barley in the absence of steam to a density of .39 kg/L. In vitro enzymatic reactivity of starch in the air-dried grains was evaluated using a 4-h incubation with amyloglucosidase (Zinn, 1990a) . Flake thickness was determined by breaking the flake approximately in half and measuring the thickness in millimeters (using a micrometer) of the flattest spot near the center of the flake. Estimates of thickness represent an average value for 10 whole flakes randomly selected from the air-dried samples. Upon initiation of the study and then subsequently at d 56 and 112, steers were implanted with Synovex-S@ (Syntex, West Des Moines, IA). Diets were prepared at weekly intervals and stored in plywood boxes located in front of each pen. Steers were fed twice daily approximately 110% of appetite. Hot carcass weights were obtained from all steers at time of slaughter. After the carcasses were chilled for 48 h, the following measurements were obtained: 1) longissimus muscle area, measured by direct grid reading of the longissimus muscle at the 12th rib; 2) subcutaneous fat over the longissimus muscle at the 12th rib taken at a location 3/4 the lateral length from the chine bone end; 3 ) kidney, pelvic, and heart fat (KPH) as a percentage of carcass weight, and 4 ) marbling score (USDA, 1965) . Initial and final live weights were obtained with cattle on full feed. Weights were reduced by 4% to account for digestive tract fill. Final live weight was adjusted for carcass weight by dividing carcass weight by .6495 (the average dressing percentage). Energy retention ( ER, megacalories) was derived from measures of average BW (kilograms) and ADG (kilograms/ day) according to the following equation: steers ER = (.0493 BW.75)ADG1,0g7 (NRC, 1984) . Net energy content of the diet for maintenance and gain were calculated assuming a constant fasting heat production (MQ) of .077BW.75 Mcal/d (Lofgreen and Garrett, 1968) . From estimates of ER and MQ, the NE, and NE, values of the diets were obtained by process of iteration to fit the relationship: NE, = (.877NE,) -.41 (NRC, 1984) . The NE, and NE, values of barley were determined using the replacement technique. Because barley replaced SFC in the diet ( (Zinn, 1990a) . This trial was analyzed as a randomized complete block design experiment (Hicks, 1973) . Treatment effects were tested by means of the following orthogonal contrasts: 1) SFC vs DRB, SRB-C, and SRB-T; 2 ) DRB vs SRB-C and SRB-T, and 3 ) Trial 2. Four Holstein steers (average BW 230 kg) with "T" cannulas in the rumen and proximal duodenum were used to evaluate treatment effects on characteristics of ruminal and total tract digestion. Steers were fasted 16 h before surgery. Steers were given .5 mgikg of xylazine (i.m.1. When sufficient depth of sedation was achieved, the steers were placed in left lateral recumbency and surgical sites were shaved. Surgical sites were anesthetized by tissue infiltration using xylocaine. Using sterile techniques, a paracostal laparotomy (10 cm) was performed to gain entrance into the peritoneal cavity. A tygon "T" cannula (1.9 cm i.d.) was inserted into the proximal duodenum (15 cm from the pyloric sphincter) and secured in the intestine with a purse-string suture about the barrel of the cannula. The cannula was then exteriorized through a stab incision approximately 4 cm above the original incision and perpendicular to the flexure of the 13th rib. The ruminal cannula (3.8 cm i.d. tygon " T cannula) was inserted through a stab incision in the region of the left paralumbar fossa, approximately 4 cm below the transverse processes of the lumbar vertebrae and 4 cm behind the costal arch. Steers were given an i.m. injection of 10 mL of Combiotic (Pfizer Animal Health, New York, NY) daily for seven consecutive days after surgery. During the 1st wk after surgery the duodenal and ruminal cannulas were held snug to the body wall by means of an outer flange secured to the barrels of the cannulas. A recovery period of 1 mo was allowed. This protocol for surgical preparation and care of steers was approved by the Animal Use and Care Administrative Advisory Committee of the University of California, Davis. Steers were maintained in individually slotted floor pens (3.9 m2). Pens were washed with water daily. Composition of the experimental diets was the same as in Trial 1 (Table 1) with the inclusion of .4% chromic oxide as a digesta marker. Diets were fed in equal proportions at 0800 and 2000 daily. Individual feed intake was restricted to 5.3 kg/d (DM basis).
SRB-C vs SRB-T.
After a 10-d treatment adjustment period, duodenal and fecal samples were taken from respective steers twice daily during a period of four successive days. The time sequence for sampling steers during the collection periods was as follows: d 1, 0750 and 1350; d 2, 0900 and 1500; d 3, 1050 and 1650; and d 4, 1200 and 1800. Individual samples consisted of approximately 500 mL of duodenal chyme and 200 g (wet basis) of fecal material. Fecal samples represented a composite of fecal material that accumulated on the floor slots during a collection interval. Duodenal and fecal samples from each steer and within each period were composited (equal weight, wet basis) for analysis. During the final day of each collection period, ruminal samples were obtained via the ruminal cannula from each steer at approximately 4 h postprandial. Ruminal fluid pH was determined by insertion of pH electrode into the freshly isolated sample. The ruminal fluid was strained through four layers of cheesecloth. Two milliliters of freshly prepared 25% (wtivol) metaphosphoric acid was added to 8 mL of strained ruminal fluid. Samples were then centrifuged (17,000 x g for 10 min) and supernatant fluid stored at -20°C for VFA analysis. Upon completion of the trial, ruminal fluid was obtained from all steers and composited for isolation of ruminal bacteria, via differential centrifugation (Bergen et al., 1968) . The microbial isolates were prepared for analysis by oven drying at 70°C and then grinding with mortar and pestle. Feed, duodenal, and fecal samples were prepared for analysis by oven drying at 70°C and then grinding in a laboratory mill (MicroMill, Bel-Arts Products, Pequannock, NJ). Samples were then oven dried at 105°C until no further weight loss and stored in tightly sealed glass jars. Samples were subjected to all or part of the following analyses: ash, Kjeldahl N, ammonia N (AOAC, 1975) ; starch (Zinn, 1990a) ; purines (Zinn and Owens, 1986) ; VFA concentrations of ruminal fluid (gas chromatography; Zinn, 1991) ; GE (adiabatic bomb calorimetry), and chromic oxide (Hill and Anderson, 1958) . Microbial organic matter (MOM) and N (MN) leaving the abomasum were calculated using purines as a microbial marker (Zinn and Owens, 1986) . Organic matter fermented in the rumen (OMF) was considered equal to OM intake minus the difference between the amount of total OM reaching the duodenum and MOM reaching the duodenum. Feed N escape to the small intestine was considered equal to total N leaving the abomasum minus ammonia N and MN and, thus, includes any endogenous contributions. Methane production was calculated based on the theoretical fermentation balance for observed molar distribution of VFA and OM fermented in the rumen (Wolin, 1960) . Endogenous urinary energy loss was estimated as .63Wkg,5o (derived from Brouwer, 1965 and NRC, 1984). Metabolizable energy was calculated as DE minus methane plus endogenous urinary bMeasurement taken on grain as it exited the rollers. 'Amyloglucosidase reactivity, a measure of starch solubilization. Grains were ground to pass through a 20-mesh screen before enzymatic digestion. energy loss. This trial was analyzed as a 4 x 4 Latin square design experiment (Hicks, 1973 ). Treatment effects were tested by means of the following orthogonal contrasts: 1) SFC vs DRB, SRB-C, and SRB-T; 2) DRB vs SRB-C and SRB-T, and 3) SRB-C vs SRB-T.
Results and Discussion
Characteristics of corn and barley after processing are shown in Table 2 . Starch reactivity ( a measure of starch solubility or gelatinization) was increased by 79% for SRB-C vs DRB, although density was the same. Decreasing flake density of steam-processed barley by 50% (SRB-C vs SRB-T) increased in vitro starch reactivity by 143%. These changes in starch reactivity are not the result of mere alterations in surface area, because all grain processing treatments were ground to pass through a 2-mm screen (fine powder) before incubation with the enzyme. Osman et al. (1970) observed that in vitro reactivity of barley starch was increased in a nearly linear fashion with decreasing flake density of SRB. Steam rolling barley to obtain air-dried densities of approximately 70, 50, and 30% of that of the original grain increased the susceptibility of starch to porcine pancreatin by 17, 62, and 126%, respectively. Thus, it seems that rate, if not extent, of barley starch digestion is enhanced by steam rolling.
The influence of barley processing on growth performance of feedlot steers is shown in Table 3 . Daily weight gain was similar ( P > . l o ) across barley treatments, averaging 1.29 kgid. Feed intake was 5.4% lower ( P < .05) for SRB than for DRB and seemed to decrease (3.496, P > . l o ) with flake thickness. Gainifeed was greater ( P < . l o ) for SRB than for DRB and tended ( P > .lo) to decrease with increasing flake thickness. The tendency for improved feed efficiency with decreased flake thickness is consistent with lower ( P < .01) fecal starch for SRB-T than for SRB-C. Improved DM conversion with steam processing barley has been reported in several studies McIlroy et al., 1967; Hinman and Combs, 1989; Hironaka et al., 1992) . Consistent with the present trial, McIlroy et al. (1967) observed further improvements in gainifeed in going from a coarse SRB (.50 kgiL) to a thinner flake (.31 kgiL). Hironaka et al. (1992) did not observe further improvements in feed efficiency response to thin vs medium thickness SRB. However, the flake that they described as "thin"
(1.61 mm) was thicker than the SRB-C treatment (coarse flake, 1.35 mm) used in the present trial (Table 2) .
Another characteristic performance response to steam-processed vs dry-rolled or ground barley has been an increased DM intake and ADG (Thomas and Myers, 1961; Hale et al., 1966; McIlroy et al., 1967; Hinman and Combs, 1989; Hironaka et al., 1992) . Why this was not observed in the present trial is not certain. Much of the difficulty in correlating results revolves around uncertainties in the nature and extent of processing. Although degree of grinding or dry rolling was not quantified in these studies, it is generally recognized that if barley is ground or rolled too finely feed intake will be decreased (Morrison, 1954) . For example, Spicer et al. (1986) had so much difficulty with consumption of the DRB used in their trials that after the first period they switched to SRB.
Lighter weight feeder calves were used in the present trial, whereas previous studies have involved heavier yearlings. Perhaps, palatability differences (particularly those associated with increased fines and higher density of diets incorporating DRB) are more manifest in yearling cattle due to greater daily feed intakes.
Diet NEm and NE, were greater (3.8 and 4.9%, respectively, P < .05, (Table 3 ) is supportive of the general applicability of both NRC (1984) feed standards as well as equations relating BW, ADG, and feed intake to energy retention.
Daily weight gain ( P < .lo) and feed intake ( P < .01) were lower (6.2 and 11.3%, respectively) and gainifeed was greater (5.6%, P < .05) for SFC than for barley treatments. The slower ADG with SFC was due to lower energy intake. Why this occurred is not certain. The barley diets were higher in CP, although, as will be discussed later, the passage of N to the small intestine was greater only for SRB-T. Diet NEm and NEg was higher (5.9 and 7.0%, respectively; P < .01) for SFC than for barley diets. Treatment effects on carcass characteristics were small and nonsignificant ( P > .lo; Table 4 ).
The influence of grain processing on characteristics of digestion is shown in Table 5 . Ruminal digestibility of OM ( P < . l o ) and starch ( P < .01) were lower (11.3 and 17.696, respectively) for DRB than for SRB. Ruminal digestibility of OM and starch were similar ( P > .lo) for SRB-C and SRB-T. However, passage of nonammonia N was markedly increased (26.9%, P < .01) with SRB-T compared with SRB-C. This increase in ruminal N efficiency was due partly to reduced ruminal degradation of feed N (23.4%, P e .01) and partly to increased MN synthesis (13.3%, P > .lo).
Postruminal N digestibility was greater (10.8%, P < .05) for SRB than for DRB. Further increase (10.8%, P < .05) in postruminal N digestibility was observed for SRB-T compared with SRB-C. Total tract digestibility of OM ( P < .05), ADF ( P < . l o ) , starch ( P < . O l ) , N ( P < .05), DE ( P < .05), and ME ( P < .05) were increased by 3.6, 20.8, 3.5, 5.4, 4.3, and 5.7%, respectively, for SRB compared with DRB. Total tract digestion of OM, ADF, starch, and DE were similar ( P > . l o ) for SRB-C and SRB-T. However, ME was increased by 6.8% for SRB-T compared with SRB-C. Very few metabolism trials using cattle have been conducted that evaluate the characteristics of barley digestion and I know of no studies that directly compare the influence of degree of barley processing on site and extent of digestion. Although total tract digestibility of barley starch as a result of dry rolling alone has been found to be approximately 100% in sheep (MacRae and Armstrong, 1969; 0rskov et al., 1969) , the situation is different for cattle. A summary of digestion trials that evaluated the digestibility of barley starch by cattle is shown in Table 6 . Steamrolled barley ruminal and total tract starch digestibility averaged 88 and 99%, respectively, for feedlot cattle, which is in good agreement with the results of the present study, and 77 and 9796, respectively, for lactating Holstein cows. No estimates for ruminal starch digestibility of DRB were not found in the BARLEY FOR CATTLE 9 literature, however, total tract starch digestibility for DRB averaged 91 and 9076, for feedlot cattle and lactating cows, respectively. These estimates are somewhat (4.2%) lower than observed in the present study but are supportive of the concept that steam rolling will improve the energy value of barley over that of dry rolling. Furthermore, McIlroy et al. ( 196 7) observed that DM digestibility of barley in feedlot steers was increased from 80.5% for dry-rolled to 84.4% for steam-rolled barley. Nevertheless, Parrott et al. (1969) observed similar DM digestibility for barley that had been either dry-rolled or steam-rolled to .31 or .21 kg/L (DM digestibility averaged 83.6, 83.4, and 82.6%, respectively). These latter results are consistent with feedlot growth performance trials (Thomas and Myers, 1961; Hale et al., 1966; McIlroy et al., 19671 , which have shown improvements in ADG and(or) feed intake, but no improvement in feed conversion as a result of steam rolling barley.
Characteristics of digestion of the SFC diet (Table  5 ) are in close agreement with previous studies (Zinn, 1990a (Zinn, ,b, 1991 in which similar diets were fed. Ruminal OM and starch digestion of the SFC diet was intermediate ( P > .lo) to that of DRB and SRB diets.
Ruminal degradation of feed N was lower (31.7%, P < .01) for SFC than for barley diets. Total tract N digestibility was also 8.6% lower ( P < .01) for SFC.
The expected difference in N digestibility between the two grain types as a result of differences in N content of the diets was 12.2% (based on the relationship between the concentration of crude protein and apparently digestible protein; Holter and Reid, 1959) . Total tract digestion of OM, starch, DE, and ME were 3.3, 1.1, 4.1, and 8.1%, respectively, greater ( P < .05) for SFC than for barley diets.
The influence of grain processing on ruminal pH, ITA molar proportions, and estimated methane production are shown in Table 7 . Ruminal pH 4 h postprandial was low for all diets, averaging 5.56. The lowest ( P > .lo) pH values were obtained with steers Wethane, mol/mol glucose equivalent fermented (Wolin, 1960) .
fed the SRB-T diet. A lower ruminal pH was expected for this treatment based on the higher starch solubility ( Table 2) . Ruminal acetate ( P < .lo) and butyrate ( P < .05) were lower for SRB-T than for SRB-C. Ruminal propionate was 49% greater ( P < .05) for SRB-T than for SRB-C. Methane production was 48% lower ( P < .05) for SRB-T than for SRB-C. Although differences between DRB and SRB-C were small, the reduction in methane energy loss with SRB-T accounts for nearly all (96%) of the increase in ME value of that diet (Table 5) . Thus, it seems that although the increase in NE (Table 3 ) with SRB-C was due to improved digestibility, the additional improvement with SRB-T was due to reduced methane energy loss. If this was the case, then an interaction might be expected in the response to thinly flaked barley in finishing diets containing a supplemental ionophore.
Ruminal acetate ( P < . l o ) and butyrate ( P < .05)
were lower and propionate ( P < .05) was higher for SFC than for barley diets. Ruminal methane production was lower ( P < .05) for SFC than for barley diets.
Implications
It is concluded that current feed standards are accurate for dry-rolled barley. However, steam processing in addition to rolling will further increase the net energy for maintenance value of barley by 2.8 to 7.0%, depending on the thinness of the flake. Increased value of barley due to steam processing and flaking may be attributable to enhanced ruminal N efficiency, decreased ruminal methane loss, and increased total tract starch digestibility. The comparative feeding values of dry-rolled, steam-rolled course, and steam-rolled thin barley are 90, 92, and 96% of the value of steam-flaked corn.
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